Objective To investigate the degree and potential cardiovascular determinants of arterial stiffness, assessed by aortic pulse wave velocity (PWV) measurements, and to relate arterial stiffness to absolute 10-12-year risks of stroke, coronary heart disease and death, as estimated by available risk functions, in postmenopausal women.
Introduction
Originally, increased arterial stiffness was considered to be intrinsic to the ageing process of the artery [1] . However, it has since been demonstrated that factors such as insulin resistance, hypertension, atherosclerosis, and end-stage renal disease (ESRD) [2] [3] [4] [5] [6] [7] [8] [9] contribute to the stiffening of the arterial tree. The clearest consequences of arterial stiffening of large arteries, in particular the aorta, are increased pulsatile blood pressure as a result of a greater systolic (SBP) and a lower diastolic (DBP) pressure, which leads to a increased left ventricular workload in combination with a reduced perfusion of the coronary arteries in diastole [10] . Recent population-based studies have emphasized the increasing interest in markers of arterial stiffness, measurable in a non-invasive manner, each with it own characteristics: brachial pulse pressure, carotid distensibility, and aortic pulse wave velocity (PWV) [10, 11] .
There have been a number of studies indicating that increased incidences of cardiovascular disease are related to stiffer vessels [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The most prominent factor is age: with increasing age, arteries become stiffer, apparently in a similar manner for both men and women [17] . In addition, increased blood pressure and indicators of glucose intolerance are strongly related to increased arterial stiffness [18, 19] . A number of studies have examined the relationship between arterial stiffness and the presence of atherosclerotic abnormalities elsewhere in the arterial tree [6] [7] [8] . An increased aortic PWV showed a linear graded relationship to carotid intima-media thickness, plaques in the carotid arteries, lower extremity arterial disease, and plaques in the abdominal aorta [8] . In a group of patients with hypertension, aortic PWV was positively related to the absolute risk of cardiovascular disease, as estimated by available risk functions [20] .
Most of the evidence that relates arterial stiffness to risk factors and the presence of atherosclerosis and prevalent cardiovascular disease comes from studies performed in specific groups of patients. Information on these issues for postmenopausal women is very limited. Some available data stem from studies of the influence of oestrogen; menopause seems to be associated with stiffer vessels [21] [22] [23] . However, studies that evaluated whether hormone replacement therapy (HRT) had a direct beneficial effect on arterial stiffness have yielded conflicting findings [24] [25] [26] . Nevertheless, studies of HRT and endothelial function [27] , and of HRT and atherosclerosis [28] -both major determinants of arterial stiffness -showed positive results overall.
The aim of this study was to investigate the major determinants of aortic stiffness, measured by aortic PWV, in postmenopausal women. In addition, we related PWV to estimates of individual 10-12-year absolute risk of stroke, coronary heart disease, and death. Three risk scores were used to estimate the individual absolute risk of stroke, coronary heart disease, and death as a function of their cardiovascular risk factor profile [29] [30] [31] .
Participants and methods

Study population
Participants were recruited from the PROSPECT study, one of the two Dutch cohorts participating in the European Prospective Investigation into Cancer and Nutrition (EPIC) [32] . In PROSPECT, a total of 17 395 healthy women presenting for breast cancer screening, who were aged 49-70 years and living in Utrecht and the surrounding area, were enrolled between 1993 and 1997. Using the baseline data from PROSPECT, we selected two groups of women who had experienced a natural menopause either between 1987 and 1989, or between 1969 and 1979. In addition, criteria for inclusion in the study were that the woman should have an intact uterus and at least one intact ovary, and should not have used sex steroids after the reported date of last menstruation. These criteria were used because the primary objective of the present study was to elucidate the role of endogenuous sex hormones on several markers of frailty. Of 1803 (1149 + 653) eligible women, 902 (451 + 451) were invited to participate and 553 (61%) agreed to do so. The aim of our study was to enrol 200 women in each group; 403 (207 + 196) participants were finally included in the study. Women were considered sufficiently healthy to participate when they were physically and mentally able to visit the study centre without assistance. Each participant underwent all tests and assessments during two visits to the study centre. The study was approved by the Institutional Review Board of the University Medical Center Utrecht and written informed consent was obtained from all participants. Data collection took place between September 1999 and March 2000.
Measurements
Information on health was obtained by medical history, registration of current medication and physical examination. A standardized questionnaire on use of oestrogen, alcohol consumption, and smoking was obtained from all women. Individuals were categorized as current smokers, former smokers, and those who had never smoked. For current and past smokers, the number of pack-years was calculated as the average number of packs of cigarettes smoked per day multiplied by the total years of smoking. Height, weight, and waist and hip circumferences were measured with the woman in a standing position wearing indoor clothes and no shoes. Body mass index (BMI) was calculated as the weight in kilograms divided by the square of the height in metres.
Blood pressure and heart rate were measured during the first visit using an oscillometric-automated device (Dinamap 8100, Critikon). Measurements were conducted before 1100 h after an overnight fast. After 5 min of rest, blood pressure was taken at the right brachial artery simultaneously with heart rate, twice with the participant lying down and three times with the participant in a standing position, with 1 min between each measurement. SBP and DBP were defined as the average of the two supine measurements. Mean arterial blood pressure (MAP) was calculated as DBP + [(SBP À DBP)/3]. Pulse pressure was defined as SBP minus DBP. Hypertension was defined as SBP at least 160 mmHg, DBP at least 95 mmHg, use of antihypertensive medication, or a combination thereof [33] . Isolated systolic hypertension was defined as SBP at least 160 mmHg and DBP 90 mmHg or less without medication. Fasting venous blood samples were obtained between 0800 and 1100 h. Total cholesterol, high-density lipoprotein (HDL) cholesterol, triglyceride, glucose and albumen were measured reflectometrically using commercial enzymatic kits with a Vitros 250 (dry chemistry; Johnson & Johnson, Rochester, Minnesota, USA). Glucose was measured by the glucose oxidase/peroxidase method. Total cholesterol was measured by adaptation of the cholesterol oxidase/ peroxidase method (fixed time). Triglycerides were measured by the lipase/glycerolkinase/GPO/POD method (fixed time). HDL cholesterol was measured after precipitation with dextran sulphate/Mg 2þ . The low-density lipoprotein (LDL) cholesterol concentration was estimated using the Friedewald formula [34] .
Hypercholesterolaemia was defined as a total cholesterol concentration of 6.5 mmol/l or more, or use of cholesterol-decreasing drug treatment. Diabetes mellitus was defined as fasting serum glucose of 7.0 mmol/l or more, or the use of oral glucose-decreasing drugs or insulin [35] .
Arterial stiffness
The Sphygmocor system was used for non-invasive measurement of the stiffness of the aorta [36] (PWV system, PWV Medical, Sydney, Australia). After the woman had rested for 5-10 min in the supine position, aortic PWV was measured by sequential recordings of the arterial pressure waveform at the carotid artery and the femoral artery, using a hand-held micromanometertipped probe on the skin at the site of maximal arterial pulsation. Gating the recordings at those two sites to the electrocardiogram (ECG) enabled PWV to be measured. Recordings were taken when a reproducible signal was obtained with high-amplitude excursionusually 10 consecutive beats, to cover a complete ventilatory cycle. The wave transit time was calculated by the system software, using the R wave of a simultaneously recorded ECG as a reference frame. Distances from the carotid sampling site to the suprasternal notch and from the suprasternal notch to the femoral artery were measured using a compass [37] . The aortic PWV (m/s) was automatically calculated as the distance between the suprasternal notch and the femoral artery minus the distance between the carotid sampling site and the suprasternal notch, divided by the time interval between the systolic R wave and the femoral systolic up-stroke minus the time interval between the systolic R wave and the carotid systolic up-stroke. Aortic PWV was determined as the mean of at least three consecutive beats recorded during 10 s of data acquisition. All measurements were performed by the same observer (C.E.I.L.).
We performed a reproducibility study among 27 participants, who underwent a second PWV measurement within 2 weeks after the first examination. The mean (SD) PWV was 9.55 (2.36) m/s at the first visit and 9.56 (2.01) m/s at the second visit, with a mean difference of 0.01 (1.0) m/s. The within-class correlation coefficient was 89.6%, indicating that 89.6% of the variance in the PWV measurements was attributable to differences between patients, whereas 10.4% could be attributed to differences between visits (measurement error and intra-individual variability).
Risk functions for stroke, coronary heart disease, and allcause mortality A risk function for an individual estimates the probability of the occurrence of an event within a certain time span as a function of the individual's level of the risk indicators. Risk functions are derived from analyses on data from longitudinal (cohort) studies, in which the relative and independent contribution of certain risk factors in predicting the occurrence of the event are evaluated.
The risk function for stroke was based on information from 10 years of follow-up of participants in the Framingham Heart Study, who were aged 55-84 years and initially free from stroke, at biannual examinations 9 and 14 [29] . A Cox proportional hazards model was used to estimate the contribution of cardiovascular risk factors to the occurrence of stroke. The report provides detailed information on how an individual's absolute 10-year risk of stroke may be estimated. For women, this is: The risk function predicting 10-year coronary heart disease risk was obtained from data of the Framingham Heart cohort aged 30-74 years and free from cardiovascular disease at baseline [30] . A logistic regression model was used for risk estimation. Risk indicators included in the final model were age, SBP, total : HDL cholesterol ratio, left ventricular hypertrophy (on ECG), smoking, and diabetes mellitus. In the report [30] , an extensive and detailed description is given of how to arrive at an estimate of the absolute risk of coronary heart disease within 10 years for an individual, given a certain set of cardiovascular risk factors.
The risk function to predict an individual's probability of dying within 11.5 years as a function of the levels of cardiovascular risk factors was obtained from findings in a follow-up study among 6057 individuals aged 20 years or over, conducted in the Netherlands [31] . A Cox proportional hazards model was used to identify the most relevant cardiovascular factors for death. For each individual, an absolute risk of dying within 11.5 years may be calculated. For women, this is: Data on PWV were not available for 18 women, leaving results from 385 women for analysis. General characteristics of the study population were described by the mean and SD. The association between PWV measurements and cardiovascular risk factors was evaluated using linear regression analysis, and the associations are presented with the linear regression coefficient (â) and its SE. As it is known from the literature that age, mean arterial blood pressure, and heart rate are major determinants of PWV, we adjusted for these factors when evaluating the association with other determinants using multiple linear regression. We evaluated whether the associations differed between women with an early menopause (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) or a late menopause (1987) (1988) (1989) . Because all interaction terms had a P value . 0.40, no evidence for modification was found. Therefore, overall findings are reported. For each of the 385 individuals, we calculated the absolute risk of stroke, coronary heart disease, and death, using the formulae described above. Then, we evaluated the association between these risk estimates and PWV using linear regression analyses. Statistical analyses were performed using SPSS for Windows (version 9.0).
Results
The general characteristics of the study participants are given in Table 1 . The 385 participants were aged 56-73 years. The PWV distribution is depicted in Figure 1 , showing a mean (SD) PWV value of 9.2(2.2) m/s.
Determinants of PWV
The results of the analysis of risk factors and PWV are presented in Table 2 . Increasing age, blood pressure (systolic, diastolic, pulse, and mean arterial), and heart rate were related to increased PWV. In analyses in Distribution of pulse wave velocity in a population of 385 postmenopausal women. which age, mean arterial blood pressure, and heart rate were taken into account, graded associations were found for BMI, weight, height, LDL cholesterol, HDL cholesterol, triglycerides, glucose, diabetes mellitus, insulin, and pack-years of smoking. In a multivariate model, the main factors that remained independently related to an increased PWV were mean arterial pressure, pulse pressure, age, heart rate, the number of pack-years of cigarettes smoked, and HDL cholesterol (inverse relationship) ( Table 3) .
PWV and absolute risk of disease
The 10-year absolute risk of stroke increases gradually with increasing aortic PWV (Fig. 2 ). An increase in PWV of 1 m/s was associated with an increase in absolute risk of stroke of 0.9 [95% confidence interval (CI) 0.7 to 1.1]. The risk of dying within 11.5 years by quintile of aortic PWV is shown in Figure 3 . An increase in PWV of 1 m/s was associated with increase in absolute risk of death of 2.2% (95% CI 1.8 to 2.6).
The risk of coronary heart disease within 10 years by quintile of aortic PWV is given in Figure 4 . A graded positive association was found, with an increase in PWV of 1 m/s associated with a 1.4% (95% CI 0.9 to 1.9) increased risk of coronary heart disease.
Discussion
This cross-sectional study provides evidence that, among postmenopausal women, increased arterial stiffness assessed non-invasively by PWV is significantly and positively associated with age, mean arterial pressure, pulse pressure, heart rate, and pack-years of cigarette smoking. Height and HDL cholesterol were found to be inversely related to PWV. In addition, this study suggests that PWV is a clear marker of an increased absolute risk of stroke, coronary heart disease, and death within 10-12 years.
Before these results can be accepted, some aspects of this study need to be considered. The measurement of aortic PWV -distance divided by time -allows only an estimate of the actual distance travelled by the pulse, and not the exact distance. The latter can be assessed only with invasive procedures. We tried to approach the true distance by subtracting the distance between the suprasternal notch and the carotid location from the distance between the suprasternal notch and Absolute 10-year risk of stroke by aortic pulse wave velocity (quintiles) (assessed using Framingham Study risk function [29] ). Absolute 11.5-year risk of death by aortic pulse wave velocity (quintiles) (assessed using a Netherlands follow-up study risk function [31] ).
the femoral sampling site, because the pulse travels in the opposite direction [10] . This might underestimate PWV, because arteries become longer and more tortuous with age. However, we consider the error in the distance to be relatively small and therefore not to affect our results seriously. If anything, it might bias our findings towards an underestimation of the associations.
Our findings confirm those from other studies indicating that age, blood pressure, and heart rate are related to increased aortic stiffness. The age-related increase in PWV may be explained by physiological degeneration of elastic fibres, with parallel increases in collagen and mucopolysaccharides within the media, and accumulation of vascular smooth muscle cells in the arterial wall. Those changes are known to be exacerbated by hypertension, arterial degeneration, and cardiac and arterial disease, and are most marked in central arteries such as the aorta [10, 16, 20, 38, 39] . The relationship to heart rate may be partly the result of an adrenergic influence on the aortic wall, increasing the smooth muscle tone and leading to increased stiffness of the arterial wall [40] . However, it has been shown that, in elastic arteries, the stiffening effect of tachycardia is exerted independently of sympathetic modulation of the vessel wall properties and that, in muscular arteries, removal of sympathetic influences unmasks the stiffening effect of tachycardia [41] [42] [43] . In addition to these three factors, an inverse relationship between body height and PWV has been reported in other studies. Short stature is associated with early systolic arrival of reflected waves, which stiffens the aorta and increases the pulsatile effort of the left ventricle [8, 44, 45] . Finally, in our analyses, indicators of the insulin resistance syndrome appeared to be related to an increased aortic stiffness -an observation in agreement with the findings of other studies [2, 3] .
Recently, attention has been focused on the effects of HRT in directly affecting vascular characteristics such as endothelial function and atherosclerosis, in an attempt to reduce the risk of future cardiovascular disease [27, 28] . By influencing endothelial function and atherosclerosis, HRT may also affect arterial stiffness, as these are the two main determinants of arterial stiffness. At present, however, the advantages and disadvantages of HRT in reducing cardiovascular disease events in primary and secondary prevention continue to be strongly debated [27, 46, 47] . Our results points towards traditional risk factors as the main determinants of arterial stiffness at menopause, and provide a rationale for developing treatment strategies.
The present analyses suggest that an increased PWV is associated with an increased risk of stroke, coronary heart disease, and all-cause mortality, as estimated by available risk functions. This finding of an association of increased PWV and absolute risk of cardiovascular disease estimated using risk functions agrees with findings from a similar study performed in hypertensive individuals [16] . Although both studies suggest that PWV is a clear marker of risk, they had a cross-sectional design, which does not allow inferences as to cause and consequence. Furthermore, the contribution of measurement of arterial stiffness in predicting future disease, relative to that of other cardiovascular risk factors, cannot be determined using studies of that design, but needs to be addressed in a prospective follow-up study.
Direct evidence of the predictive value of measurements of arterial stiffness comes from a small number of studies, mostly among patients with ESRD. In a cohort of 241 patients with ESRD after a mean followup of 72 months, increased aortic PWV was associated with all-cause and cardiovascular mortality [15, 48, 49] . The importance of the prognostic value of aortic PWV measurements in patients with ESRD was further demonstrated in a cohort of 150 such patients [48] . In a recent study among 1980 patients with essential hypertension, who were followed for an average of 4.2 years [49] , an increase in PWV of 5 m/s was associated with an increased risk of death of 2.14 (95% CI 1.71 to 2.67) and an increased risk of cardiovascular mortality of 2.35 (95% CI 1.76 to 3.14). These relationships remained statistically significant after adjustments for age, previous symptomatic cardiovascular disease, and diabetes mellitus. Information on the relation of arterial stiffness and risk of cardiovascular disease among other high-risk groups or for the population at large is still lacking.
The present study had a cross-sectional design and thus does not allow conclusions to be drawn that are based on longitudinal data. However, we believe that our conclusion that 'PWV is a marker of risk' may be substantiated by two observations. First, in our study, Absolute 10-year risk of coronary heart disease by aortic pulse wave velocity (quintiles) (assessed using Framingham Study risk function [30] ).
an increased PWV was related to increased risk factors. Thus, if an increased PWV is found in a patient, this patient is likely to have increased risk factors and therefore is at increased risk of cardiovascular disease. This reasoning has been further substantiated by several follow-up studies relating an increased PWV to incident cardiovascular disease events. Second, in our study an increased PWV related to increased absolute risk of cardiovascular disease as assessed using the Framingham Heart Study risk function. This observation also indicates that, when an increased PWV is found in a patient, this patient is likely to be at increased risk of future cardiovascular disease events.
In conclusion, this cross-sectional study among postmenopausal women provides evidence that PWV of the aorta is associated with increases in most of the established cardiovascular risk factors. In addition, it supports the importance of assessment of arterial stiffness as a marker for cardiovascular disease risk that may be of use as an endpoint in observational and intervention studies.
